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ABSTRACT
Coral reefs are complex, biologically diverse, and highly valued ecosystems that are declining worldwide due to climate change and ocean acidification, overfishing, land-based sources of pollution, and other anthropogenic threats. To assist policymakers and resource managers at international, national, and local levels in effectively implementing ecosystem approaches to sustainable management and conservation of coral reefs and their biodiversity, it is necessary to have timely, unbiased integrated ecosystem observations about the conditions of coral reefs and the complex physical and biogeochemical processes supporting them. To provide these interdisciplinary ecosystem observations, an International network of Coral Reef Ecosystem Observing Systems (I-CREOS) is proposed that will organize and build upon existing coral reef observation systems being developed around the globe. This paper uses examples of some developing observation systems to demonstrate some of the approaches and technologies available for acquiring biological, physical, and geochemical observations using combinations of visual surveys, moored instrument arrays, spatial-hydrographic and waterquality surveys, satellite remote sensing, and hydrodynamic and ecosystem modeling. This fledgling, and hopefully expanding, network of observing systems represents the early stages of an integrated ecosystem observing system for coral reefs capable of providing policymakers, resource managers, researchers, and other stakeholders with essential information products needed to assess various responses of coral reef ecosystems to natural variability and anthropogenic perturbations.
While significant challenges and gaps in the I-CREOS network remain, it demonstrably fulfills the requirements of an operational, integrated, interdisciplinary, coastal component of GOOS. Continued support, further development, and open expansion of this emerging network are encouraged and needed to ensure the continually increasing value of the network's observational and predictive capacity. With common goals to maximize versatility, accessibility, and robustness, the existing infrastructure and capacity provide a foundation by which increased global cooperation and coordination could naturally lead to a globally comprehensive I-CREOS.
INTRODUCTION
Coral reef ecosystems are among the most complex and biologically diverse of all marine ecosystems [1] . Coral species themselves constitute on the order of ~1000 species worldwide, but estimates for reef associates range between 1 and 9 million species [2] . Coral reefs provide economic and environmental services to hundreds of millions of people in terms of shoreline protection; areas of natural beauty and recreation; and sources of food, pharmaceuticals, chemicals, jobs, and revenue [3, 4, 5] . At many oceanic island and coastal areas, coral reefs and the resources they provide are central to the cultural practices of the indigenous peoples who have evolved around them for millennia [6, 7, 8] .
Coral reefs are also among the most sensitive and threatened marine ecosystems [9, 10, 11] . Coral reef ecosystems worldwide have been deteriorating at alarming rates due both to local anthropogenic pressures, such as overexploitation [12] , habitat destruction [13] , disease [14, 15] , invasive species, landbased sources of nutrients, sediments, pollution [16] , and marine debris and to impacts associated with global climate change [17, 18] , especially increased ocean temperatures [19, 20] and ocean acidification [21, 22] . Over the past 30 years, coral cover at many Caribbean reefs has decreased by up to 80% [23] , and even healthy reefs have suffered measurable degradation [24] . These declines are directly associated with loss of biodiversity, associated ecosystem services, and the economic factors that reefs provide to society.
INFORMATION NEEDS FOR RESOURCE MANAGEMENT AND CONSERVATION
Marine resource managers must make decisions that allow humans to sustainably interact with and use complex ecosystems while ensuring long-term conservation and viability for future generations. Managers also must track the effects of interventions in an adaptive management framework and justify their actions where these impinge on peoples' lives. Internationally, there has been recognition of the need to develop ecosystem approaches to management (EAM) that account for the complex interrelationships between abiotic environmental factors driving oceanic, atmospheric, and terrestrial processes and their interaction with living organisms on systematic ecological levels [25] .
While there has been widespread agreement on the need for EAM, there continues to be debate on how best to implement them. There is a clear need for unbiased, credible, and timely scientific information documenting the status and trends of ecosystem condition [26] . For coral reefs, the Global Coral Reef Monitoring Network (CGRMN) has published a series of "Status of Coral Reefs of the World" reports since 1998 [27] and continues to provide subjective regional assessments of the status of the world's reefs. In its 2008 report [11] , the GCRMN was unable to factor in global climate change in future predictions because of underlying uncertainty and lack of local impact data. However, the transition toward EAM is occurring as traditional challenges (e.g., fishing and coastal development) are being exacerbated by the significant global threats imposed by ocean warming, ocean acidification, and sea level rise. In light of these increasing challenges, there is a heightened need for increased commitment for more detailed, quantitative long-term interdisciplinary integrated ecosystem observations of coral reefs and the dynamic processes influencing them.
EXAMPLES OF EXISTING CORAL REEF ECOSYSTEM OBSERVING SYSTEMS
In this section, we describe some of the larger international coral reef ecosystem observing systems to highlight common elements which should naturally serve as the basis for establishing I-CREOS. (Fig. 1 ). These interdisciplinary Pacific RAMP surveys include multibeam benthic habitat mapping [31] ; visual Rapid Ecological Assessment (REA) of fish [32] , corals [33] and coral disease [34] , other macroinvertebrates, and algae [35, 36] ; towed-diver surveys of benthic composition and condition [37] and abundance of ecologically and/or economically important large fish (>50cm total length) and macroinvertebrate taxa; hydrographic surveys; and water-quality sampling. Instrumented moorings provide time series observations of oceanographic conditions between biennial Pacific RAMP surveys [29] . By using consistent methods across diverse gradients of biogeography, environmental conditions, and human impacts (ranging from pristine to 
Great Barrier Reef-GBROOS
On the Great Barrier Reef (GBR) and as part of an Australia-wide Integrated Marine Observing System (IMOS), the GBR Ocean Observing System (GBROOS) [44] is deploying a range of ocean observing equipment to measure and monitor the impact of large-scale change on this iconic coral reef system ( Fig. 1 ). The design includes updated remote sensing capacity with an X and L band remote-sensing station at Townsville, underway sampling equipment installed on multiple commercial and research vessels, a moored instrument array, and a series of sensor networks installed at seven reef sites. The experimental design for GBROOS aims to link the large-scale oceanic processes into the processes and impacts seen at reef and within reef scales. GBROOS monitors the inflow of cool and warm-water intrusions from the ocean into the reef matrix. Series of moorings are located in pairs along the GBR, one of the pairs is located in deep water (70-200m) on the continental slope and the other is located in shallower water (30-70m depth) on the shelf. The design allows water moving onto and across the shelf to be tracked. Sensor networks deployed at key reef sites include real-time sensors that match those on the moorings and so it becomes possible to track the impacts of oceanic events through the reef matrix into the reefs themselves. This, with the other observations, gives critical information about the functioning of the major current systems and the services they provide to reefs and to provide the data required to model potential impacts of thermal and other events on the corals. GBROOS links into the Australian Institute of Marine Science's (AIMS) Long-Term Monitoring Program (LTMP), which has been conducting extensive biological monitoring of corals and key fish and macroinvertebrates along and across the GBR since 1993 using visual scientific diver surveys [45] .
Moorea LTER
The Moorea Coral Reef (MCR) Long Term Ecological Research (LTER) site is an interdisciplinary, landscape-scale program, established in 2004 and funded by the U.S. National Science Foundation, to improve understanding of processes that modulate ecosystem function and structure of coral reefs. The site consists of the complex of coral reefs that surrounds the 60km perimeter of the island of Moorea in French Polynesia. Moorea is a small, triangular volcanic "high" island with an offshore barrier reef that forms a system of shallow (mean depth ~ 5-7m), narrow (~ 1-1.5km wide) lagoons that encircle this island ( Fig. 1 ). Scientists at the MCR LTER site record spatially-explicit time series measurements to describe decadal trends in biological aspects of the reef ecosystem and physical forcing functions. At each of three locations on the fore reef, a pair of instrumented sites has been established. These six instrumented sites are in close proximity (<25m) to the fixed quadrats and transects where biological surveys monitor rates of recruitment of corals; abundance and size/biomass of major reef constituents, such as heterotrophic reef microbes, phyto-and zooplankton, algae, scleractinian corals, herbivores and other major reef invertebrates, and fishes. Continuous physical oceanographic measurements at all six sites include ocean temperature (T), and at the three heavily instrumented sites also include conductivity, turbidity, pressure, wave height and direction, and current velocity. Additional measurements of T and biotic surveys are conducted on the backreef and fringing reef at all six sites. Thermistor strings are deployed at the entrance pass and in the center of Cook's Bay, and a local meteorological station provides surface environmental data. 
French Polynesia-CRIOBE

Indian Ocean
The Indian Ocean serves as an example for other regions with low capacity where different observing systems exist [11, 47, 48, 49] , and form a foundation for an integrated system, but significant barriers prevent full integration and widespread application of more technologically intensive methods. Biological monitoring of coral reefs occurs through multiple organizations and networks, all reporting to the GCRMN [11] . Physical oceanographic observations are coordinated through the Indian Ocean Observing System (IndOOS) and the CLIVAR/GOOS Indian Ocean Panel [50] . Initial attempts are being made to coordinate these with ecosystem observations under the coastal-GOOS umbrella to link them to integrated monitoring of coral reef, mangrove, and seagrass ecosystems. Chemical observations are limited to a small number of laboratories (e.g., Reunion). These provide raw materials for establishment of an I-CREOS in the Indian Ocean, particularly where remote sensing datasets and automated sensors can be deployed to fill gaps.
BIOLOGICAL OBSERVATIONS OF CORAL REEF ECOSYSTEMS
Visual Surveys
Since instruments that monitor biological parameters or surrogates typically require optical or other interfaces that degrade due to biofouling if not frequently serviced, most biological observations of coral reefs are collected during human-mediated visual or photographic surveys (Fig. 2a) . Such efforts are often as part of ongoing coral reef monitoring programs, such as those mentioned above along the GBR [44, 45] , in the Caribbean [51, 52] , across the Pacific Islands [29, 53, 54, 55, 56, 57, 58] , and globally [11, 59] . Most of these ongoing coral reef monitoring programs observe abundance (density), species composition, size frequency, and spatial distributions of fish and corals, and to a lesser extent macroalgae and target macroinvertebrate taxa (e.g., lobster, crown-of-thorns seastars, giant clams, and urchins). Historically, limited resources and taxonomic capacity, even in these existing large-scale coral reef monitoring programs, have prevented assessment of the diversity of the small cryptic organisms that comprise the majority of coral reef biodiversity. Ongoing coral reef monitoring programs are generally limited in their spatial and temporal coverage at global, regional, and local scales [11] . Ongoing advances in understanding of ecosystem dynamics are leading to increased use of
Figure 2. Examples of key biological (a-c) and physical (d-f) observing system components of I-CREOS. a) Visual surveys of reef fish, corals, invertebrates, and algae (Photo NOAA-CRED); b) ARMS at a forereef site in Hawaii (Photo NOAA-CRED); c) EAR deployed at French Frigate Shoals, Northwestern Hawaiian Islands (Photo NOAA-CRED); d) ICON/CREWS station at Media Luna Reef, Puerto Rico (Photo J. Hendee); e) GBROOS Shelf mooring design; and f) MAPCO2 Buoy near Cayo Enrique Reef, La Parguera, Puerto Rico (Photo J. Hendee).
indicator-based assessments focused on key drivers relevant to managing phase shifts between coraldominated versus other ecological phases of reefs.
To address some of these challenges, the following technological approaches are being developed and implemented to more cost-effectively and continuously observe biota of coral reefs.
Biodiversity Assessments-ARMS
To address the limited ability of existing monitoring programs to assess and monitor the biodiversity of coral reefs, the Census of Coral Reef Ecosystems (CReefs) project of the Census of Marine Life has developed Autonomous Reef Monitoring Structures (ARMS) as systematic collecting devices to allow a global comparative baseline assessment of spatial patterns of cryptic invertebrate diversity [60] . ARMS are simple PVC structures designed to mimic the complexity of coral reef habitats and attract colonizing invertebrates (Fig. 2b) . CReefs and Pacific RAMP have initiated a global array of ~400 ARMS deployed in Hawaii, Samoa, Line and Phoenix Islands, Moorea, the GBR, Brazil, Panama, Papua New Guinea, the western Indian Ocean, and Florida, and planned deployments for 2010 in Puerto Rico, Cayman Islands, Belize, and Taiwan (Fig. 1) . Efforts to develop genetic pyrosequencing techniques will further increase the efficiency, cost effectiveness, and comparability of this approach.
Passive Acoustic Monitoring-EARs
Ecological Acoustic Recorders (EARs) are digital passive acoustic devices that record ambient sounds have been developed specifically for monitoring marine mammals, fish, crustaceans, other soundproducing marine life, and human activity in marine habitats. (Fig. 2c) . EARs provide a unique ability to cost-effectively monitor remote reefs during the intervals between visual biological surveys [61] . Tools are being developed to acoustically assess biological processes, community structure, and ecological stability of coral reefs [62] . Anthropogenic sounds (e.g., boat engines, blast fishing, and anchor chains) are also readily detectable, enabling EARs to also monitor human activities.
Monitoring Physiological Stress in Corals-PAM Fluorometry
Although research has been conducted to determine the physiological mechanisms underlying coral bleaching [63, 64, 65] , few efforts have monitored the coralzooxanthellae holobiont and the coincident environmental factors during bleaching episodes. Pulse-amplitude-modulating (PAM) fluorometry has recorded indicators of photosystem II inactivation in corals during up to a month prior to SST-based bleaching alerts [66] , suggesting that PAM fluorometry may be an important observing system tool for assessing reef conditions.
PHYSICAL AND CHEMICAL OBSERVATIONS OF CORAL REEF ECOSYSTEMS
The emerging I-CREOS network uses a diverse suite of capabilities to observe the physical and chemical processes influencing coral reef ecosystems: A) moored instrument arrays to provide high resolution time series; B) spatial hydrographic and water-quality surveys to assess spatial patterns and structure; C) remote sensing to provide spatial and temporal observations of surface processes; and D) hydrodynamic and ecosystem models to provide ecoforecasts and predictions.
Moored Instrument Arrays
This section provides examples of some of the moored instrument arrays deployed in the Pacific Islands, Australia, and the Caribbean. These instruments are designed to:
 Understand the role physical and chemical processes play in structuring the distribution, abundance, diversity, and health of coral reef ecosystems;  Characterize the variability of oceanographic and water-quality conditions that influence the health of coral reef ecosystems;  Understand the ecological effects of episodic disturbances, climate change, and ocean acidification;  Understand the linkages between the large oceanicscale, reef-scale, and within reef-scale processes;  Provide data assimilation and validation of hydrodynamic and ecological forecast "ecoforecast" models; and  Acquiring real-time observations to better coordinate sampling, research, and management.
CREIOS Moorings
Moored Coral Reef Early Warning System (CREWS) and SST buoys across the Pacific Islands [29] and Integrated Coral Observing Network (ICON) stations [67] in the Caribbean transmit observations to the CREWS expert software originally produced to monitor coral bleaching [68] . The CREIOS network of in situ telemetering instrumentation provides time series observations of T, salinity (S), photosynthetic active radiation (PAR), ultraviolet radiation (UV-B), air temperature (T air ), barometric pressure, and wind velocity [29] . The instrumental architecture for ICON stations has been designed to perform ecoforecasts and MPA decision support [67, 69] . Higher resolution data from surface buoys and subsurface moorings are downloaded upon instrument recovery. In addition to 23 telemetered surface buoys, 613 subsurface moorings across the Pacific Islands record observations of T, S, currents, ambient sounds, waves, tides, and indices of cryptic biodiversity [29] . More intensive, short-term instrument deployments are made to examine sitespecific processes and to validate fine-scale hydrodynamic models [29] . NOAA's Coral Reef Information System (CoRIS) provides information and data discovery tools for near-real-time and archived data products.
GBROOS Moorings
The GBROOS moorings detect and monitor cold and warm water intrusions from the Coral Sea into and onto the GBR reef matrix. A review of the oceanographic vulnerability of the GBR to climate change [70] formed the basis for the GBROOS design.
The main components of GBROOS consist of pairs of deep water moorings arranged north to south along the length of the GBR and a series of sensor networks at individual reefs. The mooring array consists of four pairs of moorings located along the GBR, with one pair on the continental slope (70-300m) and the other pair on the continental shelf (30-70m, Fig. 2e ). The design aims to detect the movement of oceanic water up the continental slope and onto the shelf and so give information about upwelling events and the strength and direction of the oceanic currents as they impinge on the reef. The paired moorings in the northern part of the GBR are designed to measure the northward current flow outside the reef matrix and the inflow of that water through the ribbon reefs; the moorings in the central region will measure water intruding from the deeper slope onto the shelf. The reef matrix is open in this region, so water is able to move up and across the shelf. The moorings in the southern area are positioned to measure the southward current flow outside the reef matrix via the deepwater mooring and through the main GBR lagoon using the inshore mooring. Three moorings have been deployed around Heron and One Tree Islands in the south, two on the shelf and one on the slope. These will capture the complex regional currents where a recirculation of the East Australian Current often occurs and subsurface intrusions often stratify the shelf.
As part of the GBROOS project, sensor networks will be deployed at four island sites (Heron and One Tree Islands, Orpheus Island, and Lizard Island) and three reefs (Davies, Rib and Myrmidon). Much of the equipment is relocatable and can be deployed to provide real-time information down to the scale of individual coral heads. Initial sensors measure T, S and depth, but the infrastructure supports other sensors, such as video, pCO 2 , and PAR. The shelf moorings will be upgraded to real-time but the slope moorings will log data over 6-month servicing intervals. The shelf moorings typically have a bottom-mounted acoustic Doppler current profiler (ADCP; waves and current profiles) and a series of Water-quality Monitors (WQM; measuring T, conductivity, depth, turbidity, fluorescence, and DO) and T up the mooring. On the surface is a radiometer (select buoys only) measuring incoming and outgoing short and long wave radiation, and a weather station. The deepwater slope moorings are similar but without the surface instrumentation. All moorings are serviced every six months and data are downloaded.
The sensor network installations comprise a base station installed on a permanent structure on reef towers that have direct communication to shore. A series of 6-m poles around the reef edge talk back to the base station and form the on-reef wireless network. Buoys located on the reef talk to the nearest network pole, which in turn passes the data to other poles and back to the base station. The solar powered buoys have a controller that interfaces a series of sensors, including conductivity, temperature and depth. Weather stations and WQMs will be added in the near future. The versatile system uses multiple communication protocols to support a range of sensors and observations. The sensor network is internet protocolbased to allow remote control of the instruments and the possibility of adaptive sampling, remote monitoring, and other "smart" sensor applications, such as webcams. GBROOS data are made available through a range of services, including Open Source DataTurbine [46] , an OPeNDAP server, and via web pages. The data turbine software is used for real-time observations, as also used by CREON.
Moorea LTER Mooring
The relatively small island of Moorea is among the most instrumented reef systems in the South Pacific. The oceanographic instruments deployed on each of the three sides of this island have revealed significant information about the substantial differences in physical regimes (especially offshore wave climate) impinging on the reef ecosystem around this island. Like all other reef ecosystems, the coral reefs around Moorea are greatly influenced by physical forcing. Waves that hit the barrier reef of this island drive circulation patterns of the lagoons [71] , and large waves for prolonged periods are also capable of causing structural damage or death of the foundation coral species. The north shore is affected by moderate swell in the Austral summer generated by North Pacific storms, and the south shore receives large swells (up to 9.5m) during the winter generated from the Southern Ocean.
Caribbean Moorings
The SEAKEYS Network [72] is one of the longest records of meteorological, sea temperature, and salinity observations from a coral reef in the greater Caribbean region [73] . These observations are used to validate satellite-monitoring algorithms designed to provide coral bleaching alerts [74] , among various applications. With this network and the CREWS software as a model [67] , NOAA's Atlantic Oceanographic and Meteorological Laboratory (AOML) initiated efforts to establish a physical monitoring network across the Caribbean [75] by developing a pylon mooring design for ICON that moves dynamically with heavy wind and seas (Fig. 2d) . ICON presently has stations in the Bahamas, U.S. Virgin Islands, Puerto Rico, Jamaica, Florida, and Cayman Islands. NOAA has also established Moored Autonomous pCO 2 (MAPCO2) buoys in Puerto Rico and Hawaii to 1) standardize approaches for monitoring, assessing, and modeling the impacts of acidification on coral reefs; 2) identify critical thresholds, impacts, and water chemistry trends necessary for developing ecoforecasts; 3) characterize the spatial and temporal variability in carbonate chemistry in coral reef environments; and 4) provide data and information to facilitate an alert system based on ecoforecasting for acidification stress to coral reefs (Fig. 2f) .
The Caribbean Coastal Ocean Observing System (CariCOOS) is being implemented collaboratively through the Universities of Puerto Rico and the Virgin Islands. Through extensive consultations with stakeholders and ratification through the Caribbean Regional Association of IOOS, priorities include: winds, waves, currents, water quality, coastal inundation, and erosion. CariCOOS is implementing a coordinated effort coupling ocean observing and numerical modeling to meet these priorities.
Spatial Hydrographic and Water-quality Surveys
Hydrographic surveys are performed during Pacific RAMP research cruises to provide detailed spatial assessments of oceanographic and water-quality conditions influencing the coral reef ecosystems of the U.S. Pacific Islands [29] . Surveys include: closelyspaced shallow-water CTDs in nearshore reefs (0-30m) and deepwater CTDs (0-500m) in surrounding waters to provide vertical profiles of conductivity, T, pressure, beam transmittance, DO, fluorescence, and turbidity; and water sampling for analysis of chlorophyll a (Chl a), nutrients (phosphate (PO 4 3-); silicate (Si[OH] 4 ); nitrate (NO 3 -); nitrite (NO 2 -), salinity, dissolved inorganic carbon (DIC), and total alkalinity (TA). Water-sample depths are typically 1, 10, 20 and 30m in nearshore environments, and 3, 80, 100, 125, and 150m for offshore environments. Shipboard surveys of surrounding waters continuously provide: current profiles, near-surface T and S, T air , wind velocity, barometric pressure, and relative humidity while the vessel is underway.
Satellite Remote Sensing of Threats to Coral Reefs
Polar-orbiting satellites provide near-real-time observations across the globe with relatively low spatial (10s of km) and temporal (4 times daily) resolution, which NOAA's Coral Reef Watch (CRW) uses to monitor SST and other parameters influencing reef health. CRW products include: near-real-time global 0.5-degree nighttime SST and anomalies, coral bleaching HotSpots and Degree Heating Weeks (DHW), updated twice weekly [68, 76] (Fig. 3) . HotSpots are the positive anomaly of SST that exceeds the maximum monthly mean for each 50-km pixel, thus identifying regions that are currently undergoing thermal stress. By accumulating these SST anomalies, the DHW provides a measure of the cumulative thermal stress that corals experience. NOAA issues coral bleaching alerts via email when HotSpots or DHW values near a reef become positive and again when DHW values reach thresholds of 4 and 8°C-weeks. The DHW index reliably provides regional-tobasin-scale information needed for coral reef managers and scientists to anticipate mass bleaching. The GBR Marine Park Authority has worked with partner agencies in Australia and with NOAA to produce the GBR-specific ReefTemp products that provide added predictive value for the GBR due to higher spatial and temporal resolution (2×2km, daily) and heating rate calculations [77] . High-resolution, multi-spectral visible images of changes in the color of coral reefs have been successfully applied to observe the extent of bleaching [78] , but the cost and time required makes them less cost-effective in most locations. NOAA is developing products to monitor parameters influencing the quantity and quality of light reaching corals: solar insolation, cloud cover, and turbidity. These observations will likely use geostationary satellites to provide more frequent sampling and better measures of variability, but with coverage limited to part of one hemisphere. International data sharing agreements will hopefully provide access to data for most coral reef areas. Since ocean color and turbidity are important in understanding how local sources of pollution (e.g., nutrients and sediments) influence reef ecosystems, research to use imagery in shallow-water reef habitats will provide another important observing system capability.
Hydrodynamic Modeling and Ecoforecasting
NOAA has advanced efforts to synthesize satellite and modeled environmental datasets to derive synoptic estimates of changing ocean chemistry in response to ocean acidification [43, 79] (Fig. 4 ). An experimental model provides estimates of surface aragonite saturation state (Ω arg ), which imparts important controls on calcification rates of corals and other calcareous organisms, over broader spatial and temporal scales than shipboard observations alone. Daily fields of total alkalinity and pCO 2,sw are computed through the coupling of modeled and remotely-sensed parameters to solve for surface ocean carbonate chemistry. CRW provides regional maps of a variety of acidification-relevant parameters including Ω arg , pCO 2,sw , total alkalinity, and carbonate and bicarbonate ion concentrations.
NOAA's ICON project has developed an ecoforecast [64, 80] for the flux of water onto seaward reefs using observations from ICON moorings and high-resolution (~1km) satellite fields. Alerts are generated when onset of variability of T and S is rapid and persists for multiple inertial periods. Integrated with satellite observations of SST and Chl a, water flux onto the reef is determined. In situ T air , wave height, and wind velocity are analyzed by the ICON system to characterize onshore flux events and likely watermass sources, including wave setup at the reef crest [67, 81, 82] , horizontal mixing [83] , and upwelling.
Research is underway to enhance these ecoforecasts to recognize spatial patterns in SST and Chl a imagery that are characteristic of distinct reef circulation scenarios. When patterns are recognized, additional alert rules will provide increased confidence and a regional context for decision-making.
CRW is using global climate models that forecast future ocean temperatures to develop predictions of coral bleaching months in advance [84] . NOAA is currently developing both mesoscale and coastal numerical hydrodynamic models to better understand many abiotic factors, such as circulation patterns [85, 86] , larval recruitment and transport, and impact of storm events; and to serve as a basis for fine-scale ecosystem modeling [29] .
GAPS-WHAT'S MISSING WITH I-CREOS?
While coral reef observing systems are emerging in the Pacific (CREIOS, MCR-LTER and GBROOS) and Caribbean (ICON, CariCOOS), there are few interdisciplinary observing systems in the other large coral reef areas and even within these areas the observing systems are sparse and limited compared to the complexities of the ecosystems being monitored.
Here we discuss a number of fundamental gaps that need to be overcome to provide the types of meaningful information required by managers and scientists to conserve coral reef ecosystems globally.
Until OceanObs'09, there had been a lack of recognition that biological observations must be an essential component of the Global Ocean Observing System (GOOS). In spite of this, a global network for biological observations on coral reefs has slowly developed (GCRMN) and serves as an essential foundation for the continued transition of I-CREOS into the GOOS. Due to the biogeophysical complexities of coral reef ecosystems and the high societal value placed upon them, this need to fully integrate biological observations into the GOOS infrastructure is paramount. Sensors and other technological advances to better observe biological processes over appropriate spatial and temporal scales must be developed to foster this integration.
The cost and complexity of coastal observing system infrastructure have been prohibitive. There is a need for increased coordination across our community and with technology vendors on the considerable research and development needed to reliably acquire scientifically valid observations of coral reefs. Realtime systems need to support Sensor Web Enablement protocols at the interface level and to support XMLbased data standards. Oceanographic instrument manufactures need to support the emerging set of data and interface standards so that instruments can be designed to serve data autonomously for direct utilization by users.
While coral reefs are too complex for observational conformity at all levels, there is a need to ensure data comparability between regions and programs. Sampling regimes with agreed upon minimum sets of biological, physical, and chemical parameters to be collected using standardized methodologies, data schemas, quality control, datums, and sensor calibrations should be developed with inputs from the coral reef, informatics, and observational communities.
While some physical sensors can presently be deployed for long periods (>6 months), many sensors, particularly optical and wet-chemistry sensors for biological applications, require frequent maintenance that prevent long-term observations in many areas. New sensors currently under development include: biosensors to measure bacterial reactions to environmental toxins [87] ; bio-film sensors to measure levels of water-based organic compounds; optical sensors to provide information about primary production and within organism cellular processes; and acoustic instruments, both passive and active, to provide information about community structure and abundance of fish and invertebrates and track larger organisms. Instrumentation to monitor carbonate chemistry and surveys to observe in situ calcification rate changes of corals and other reef-building organisms, as well as shifts in community structure and biodiversity, need to be advanced.
The final recurring gap is funding to support an expanded I-CREOS to other coral reef areas, e.g., Indian Ocean, Africa, Coral Triangle, and parts of Asia and Micronesia. There is a need to produce simple offthe-shelf self-contained observing systems that could be easily deployed and maintained with reasonable end-to-end costs. Additionally, human and social development priorities in these regions tend to overshadow technological enhancements in science and monitoring, and strong linkages of I-CREOS to these priorities are needed to enhance their utility in reef management.
Coral reefs are complex ecosystems and it is unrealistic to expect that observational systems will meet all needs. The issues facing coral reefs globally and the logistics of sampling and monitoring most of the coral reef areas means that automated "smart" observational systems will play a crucial role in how we monitor, manage and sustain reef ecosystems in the face of global threats, but there remain many immediate challenges.
CONCLUSIONS
Coral reefs are biologically diverse and highly valued ecosystems that are declining worldwide due to climate change and ocean acidification, overfishing, land-based sources of pollution, and other anthropogenic threats.
To assist policymakers and resource managers at international, national, and local levels in effectively implementing ecosystem approaches to sustainable management and conservation of coral reefs and their biodiversity, it is necessary to have timely, unbiased integrated ecosystem observations about the conditions of coral reefs and the complex physical and biogeochemical processes supporting them. To provide these interdisciplinary ecosystem observations, an International network of Coral Reef Ecosystem Observing Systems (I-CREOS) is proposed by organizing and building upon some of the existing coral reef observation systems being developed globally. Examples of some developing observation systems (e.g., CREIOS, MCR-LTER, GBROOS, CREON, and GCRMN) have been outlined in this paper to demonstrate some of the approaches and technologies available for acquiring biological, physical, and geochemical observations using combinations of visual surveys, moored instrument arrays, spatial hydrographic and water-quality surveys, satellite remote sensing, and hydrodynamic and ecosystem modeling. Initial efforts to integrate across scientific disciplines and observational approaches are now beginning to unfold (Fig. 5) .
We envisage that I-CREOS will sit at the pinnacle of a larger coral reef monitoring and assessment network, providing the scientific validation and explanation for data obtained through basic, government-level monitoring, as encouraged by the GCRMN, and community and volunteer monitoring, as encouraged by Reef Check and other volunteer networks. Such a nested network would permit greater coverage of the world's coral reef areas, and increase awareness of reef status and problems. Though beyond the scope here, all monitoring activities should be complemented by socioeconomic assessments to ensure that the explanations are complete and conveyed to affected communities.
With common goals to maximize the versatility, accessibility, and robustness of the observations, the existing infrastructure and capacity provides a foundation by which increased global cooperation and coordination to develop common protocols and standards could naturally lead to a broader, more globally comprehensive I-CREOS. This fledgling network represents the early stages of an integrated ecosystem observing system for coral reefs capable of providing policymakers, resource managers, researchers, and other stakeholders with essential information products needed to assess various responses of coral reef ecosystems to natural variability and anthropogenic perturbations. The network's continued support and further development will ensure the increasing value of its data holdings and the network's observational and predictive capacity. The proposed I-CREOS network fulfills the UNESCO Strategic Design Plan for the Coastal Component of the GOOS mandate to "increase in our ability to detect and predict the changes that are occurring in coastal ecosystems" particularly addressing the "lack of spatially and temporally synoptic observations of key physical, chemical, and biological variables." While significant challenges and gaps in the I-CREOS network remain, it demonstrably fulfills the requirements of an operational, integrated, interdisciplinary, coastal component of GOOS. 
